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ABSTRACT 

Aircraft  observations  obtained  during  the  Frontal  Air- Sea  Interaction  Experiment  ( I  ASINLX  I  are  used  to 
investigate  the  structure  of  the  marine  atmospheric  boundary  layer  in  the  vicinity  ot  an  ocean  front.  A  quasi- 
stationary  sea  surface  temperature  (SS  I  I  discontinuity  of  2®C  was  maintained  across  the  frontal  /one  throughout 
the  duration  of  the  experiment.  The  primary  response  of  the  atmosphere  to  changes  in  the  SSI  was  observed 
tn  the  surface-related  turbulence  fluxes.  In  the  case  of  warm  air  flowing  over  cold  water,  the  boundary  layer 
appears  to  develop  an  internal  boundary  layer  (IBLt  in  response  to  the  sudden  change  in  the  sea  surface 
temperature.  The  organized  updrafts  and  downdrafts  within  this  layer  collapse  with  entrainment-detrainment 
processes  in  these  cells  dominating  the  turbulence  statistics.  The  I B 1  grows  in  response  to  the  wind  shear  in 
this  layer,  although  the  surface  shear  stress  is  much  smaller  on  the  colder  side  of  the  front  than  on  the  warm. 
The  depth  of  the  IRI  .  and.  in  the  absence  of  the  IRL .  the  mixed  layer  are  found  to  scale  with  the  friction  velocity 
and  the  Coriolis  parameter. 

T  he  IBI.  confutes  the  surface-related  turbulent  mixing  and  shear-driven  processes  to  the  lower  layers  of  the 
atmosphere.  Thus,  the  shallow  boundary  layer  cloud  field  appears  to  he  maintained  primarily  by  radiative 
transfer  within  the  cloud  layer.  Multiple  cloud-capped  mixed  layers  were  frequently  observed  throughout  the 
experiment.  They  appear  to  he  directly  related  to  the  horizontal  variation  of  the  SST  with  deeper  boundary 
layers  and  higher  cloud  levels  formed  over  warmer  water 


I.  Introduction 

The  Joint  Air-Sea  Interaction  ( .1 ASIN  )  experiment 
(Pollard  I97X)  revealed  that  the  spatial  variability  of 
the  sea  surface  temperature  (SSI  i  on  a  scale  of  200 
km  or  less  stives  rise  to  horizontal  variability  on  similar 
scales  in  the  atmosphere  (Ciuymer  et  al.  198.3).  Ob¬ 
servations  have  shown  that  the  turbulent  structure  of 
the  marine  atmospheric  boundary  layer  (  MABI  )  has 
different  scales  on  opposite  sides  of  a  SSI  discontinuity 
(Ciuymer  et  al.  198.3).  The  processes  which  produce 
this  ocean-atmosphere  coupling  are  not  well  under¬ 
stood.  but  appear  to  be  crucial  for  a  complete  under¬ 
standing  of  the  development  of  marine  boundary  layer 
clouds. 

The  importance  of  cloudiness  as  a  climatic  feedback 
mechanism  has  been  recognized  fora  long  time  (  Man- 
ahe  and  Wetherald  1967;  Shukla  and  Sud  1981;  and 
others).  In  particular.  Schneider  el  al.  (  1978  )  investi¬ 
gated  the  feedback  effects  of  global  cloudiness  on  sur¬ 
face  temperature;  they  highlighted  the  complexity  of 
the  problem  by  demonstrating  that  increases  in  the 
surface  temperature  could  lead  to  both  an  increase  and 
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a  decrease  in  cloud  cover  dependent  on  the  large-scale 
dynamical  structure.  Ongoing  observational  and  nu¬ 
merical  modeling  studies  in  extratropical  latitudes  have 
lead  to  the  conclusion  that  surface  temperature, 
boundary  layer  dynamics  and  thermodynamics,  the 
structure  of  the  free  atmosphere,  and  cloud  micro- 
physics — all  play  an  important  role  in  determining 
fractional  cloudiness  (  Rogers  and  Telford  1 986;  Rogers 
1986;  Charlson  et  al.  1987;  and  others).  It  is  anticipated 
that  continued  effort  in  this  area  will  lead  tv'  an  im¬ 
provement  in  the  parameterization  of  boundary  layer 
fractional  cloudiness  in  general  circulation  models  for 
both  short-term  weather  prediction  and  climate  studies. 

Model  results  indicate  that  fractional  cloudiness  is 
determined  by  changes  in  the  SSI  and  advection  of 
cool,  dry  air  across  the  top  of  the  MABI.  (  Rogers  1986 ). 
The  influx  of  a  large  amount  of  dryer,  potentially 
warmer  air  due  to  entrainment  instability  through  the 
top  of  the  boundary  lay  er  results  in  the  ev  aporation  of 
the  cloud  layer  from  the  base  up.  This  leads  to  the 
accumulation  of  dryer,  warmer  air  immediately  below 
cloud  base  and  the  development  of  a  temperature  dis¬ 
continuity  between  the  cloud  and  subcloud  layers 
(  Deardorff  1980;  Nicholls  and  Leighton  1986;  Rogers 
1986).  The  continued  exchange  between  the  cloud  and 
subcloud  layers,  and  subsequent  cloud  development 
depends  strongly  on  the  relative  importance  of  the  heat 
and  moisture  fluxes  in  the  subcloud  layer  as  well  as 
cloud  top  mixing  processes.  Here  we  concentrate  on 
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determining  the  structure  of  the  subcloud  boundary 
layer  air  and  the  implications  for  cloud  development. 

Numerical  simulations  of  MABLs  have  shown  that 
cloud-capped  boundary  layers  are  the  preferred  equi¬ 
librium  solution  in  most  cases  ( Kraus  and  Leslie  1982). 
In  general,  an  increase  in  the  SST  is  accompanied  by 
an  increase  in  the  heat  and  moisture  lluxes  at  the  sur¬ 
face.  If  the  inversion  at  cloud  top  is  sufficiently  strong, 
then  the  depth  of  a  continuous  cloud  deck  will  be 
largely  insensitive  to  changes  of  the  SST.  Alternatively, 
if  the  air  above  the  inversion  is  cool  and  dry.  the  in¬ 
version  may  be  sufficiently  weak  so  that  an  enhance¬ 
ment  of  the  surface  lluxes  will  lead  to  marginal  insta¬ 
bility  throughout  the  layer  and  the  onset  of  entrainment 
instability  (  Mahrt  and  Paumier  1982:  Businger  and 
Shaw  1984 ).  Although  entrainment  instability  has  been 
associated  with  the  break  up  of  stratus,  it  may  have  a 
negative  feedback  on  turbulent  mixing  by  causing  a 
temperature  discontinuity  to  develop  at  the  top  of  the 
subcloud  layer.  Heat  and  moisture  from  the  ocean  will 
tend  to  remain  in  the  subcloud  layer  with  some  transfer 
into  the  cloud  layer  through  active  convective  elements. 
This  was  observed  during  the  JASIN  experiment  by 
Niehotls  el  al.  t  1983).  and  it  is  a  frequent  feature  of 
the  tropical  boundary  layer  (Nicholls  and  LeMone 
1980).  If  the  air-sea  temperature  difference  remains 
large,  complete  ov  erturning  of  the  MABI.  may  occur. 
It  is  not  clear  w  hether  this  leads  to  fractional  cloudiness, 
or  overcast  conditions  as  the  air  temperature  and  hu¬ 
midity  approach  equilibrium  with  the  underly  ing  sur¬ 
face.  The  extent  to  w  hich  the  cloud  and  subcloud  lay  ers 
are  coupled  is  important  for  the  development  of  the 
boundary  layer  (Nicholls  1984:  Rogers  1986).  The 
height  of  cloud  base  may  vary  considerably  as  a  func¬ 
tion  of  the  exchange  of  air  between  the  surface  and  the 
free  atmosphere.  The  development  of  the  entire  MABI. 
in  the  v  icinity  of  an  ocean  front  is  likely  to  depend 
strongly  on  the  variability  of  the  turbulent  structure. 
In  addition,  one  would  expect  an  ocean  front  to  have 
a  significant  imprint  on  cloud  cover  through  the  en¬ 
trainment  process:  in  turn,  changes  in  the  radiation 
associated  with  the  cloud  layer  will  feed  back  to  the 
SST.  The  air  above  the  boundary  layer  and  the  ori¬ 
entation  of  the  flow  relative  to  the  front  are  also  very 
important.  The  cloud  pattern  will  also  depend  on  fields 
of  convergence  associated  with  any  secondary  circu¬ 
lation  generated  by  the  front  (  Businger  and  Shaw 
1984). 

This  paper  discusses  the  response  of  the  MABI.  to 
sudden  changes  in  the  SS  I  .  Data  were  obtained  from 
the  Frontal  Air- Sea  Interaction  Experiment  ( FASI- 
NEX  )  in  which  the  response  of  the  ocean  and  the  at¬ 
mosphere  to  a  weak  veanic  temperature  front  was  ob¬ 
served  (Stage  and  Wen...  1985,  1986).  Satellite  data 
from  the  FASINEX  area  have  been  analyzed  on  a 
monthly  time  scale  by  Gautier  and  Bates!  1988).  They 
observed  that  the  thermal  front  acted  to  reduce  the 
cloud  cover  on  the  warmer  side,  concluding  that  thin¬ 


ner.  more  highly  broken  clouds  occurred  over  the  warm 
water  whereas  thicker,  more  homogeneous  clouds  are 
found  over  the  cold  side.  However,  on  synoptic  and 
smaller  temporal  and  spatial  scales  the  effect  of  the 
SST  is  less  clear.  Thus  it  is  important  to  determine  the 
extent  to  which  the  local  SST  determines  the  overly  ing 
cloud  field  and  the  sensitivity  of  marine  cloudiness  to 
changes  in  the  SST. 

2.  Frontal  Air-Sea  Interaction  Experiment  (FASI¬ 
NEX) 

The  background,  objectives  and  the  scientific  plans 
for  FASINEX  have  been  described  by  Stage  and  Weller 
( 1985.  1986)  and  the  aircraft  measurement  program 
has  been  discussed  in  detail  by  Friehe  and  Williams 
( 1988).  The  experimental  region  was  located  between 
28°  and  29°N.  69°  and  71°W.  roughly  southwest  of 
Bermuda.  Aircraft  were  deployed  from  Raleigh.  North 
Carolina;  Wallops  Island.  Virginia;  Miami.  Florida:  and 
Bermuda  ( Fig.  1 ). 

Six  aircraft,  two  ships  and  a  moored  array  of  buoys 
were  used  in  the  experiment.  Three  of  the  aircraft  made 
detailed  meteorological  and  turbulence  measurements, 
one  collected  microwave  scatterometer  data,  one  made 
large  scale  ocean  wave  measurements,  and  one  made 
LIDAR  measurements  of  the  inversion /cloud  height. 
The  primary  source  of  data  for  the  work  discussed  here 
was  the  NCAR  Electra  aircraft  which  made  detailed 
meteorological  and  turbulence  measurements.  The 
NCAR  Electra.  in  con  junction  with  other  aircraft,  flew 
a  box  pattern  centered  on  the  ocean  thermal  front  at 
an  altitude  of  30  m  (Fig.  1.  insert).  This  pattern  was 
designed  to  measure  the  wind  field,  divergence  and  curl. 
The  box  was  oriented  so  that  the  front  generally  bi- 


ElCi.  I.  Map  showing  the  location  of  the  FASINEX  area.  Aircraft 
were  deployed  from  Raleigh.  NC;  Wallops  Island.  VA.  Miami.  FI 
and  Bermuda.  Insert  A  is  a  schematic  of  the  turbulence  aircraft  flight 
pattern  in  the  vicinity  of  the  front  (denoted  by  F). 
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sected  the  north-south  legs;  each  leg  was  about  100 
km  in  length.  Vertical  profiles  of  the  thermodynamic 
structure  and  wind  field  were  obtained  from  aircraft 
descents  on  the  north  side  and  ascents  on  the  south 
side  of  the  front.  These  were  obtained  at  the  beginning 
and  end  of  each  observation  period  on  station  at  the 
front.  On  station,  flights  were  dedicated  to  measuring 
the  horizontal  variability  of  the  turbulent  structure  of 
the  air  at  multiple  levels  across  the  front.  The  horizontal 
legs  tlown  at  30  m  are  used  to  investigate  interactions 
between  the  surface  (luxes  and  the  development  of 
clouds  over  the  experimental  area.  A  description  of  the 
NCAR  f  leet ra  instrumentation  and  accuracy  can  be 
found  in  Lenschow  (  1986). 

The  NCAR  Eleetra  flew  six  missions  in  the  FASI- 
NF.X  study  area  between  16  and  24  February  1986 
(Julian  days  47-55 ).  Three  days.  48.  49  and  52.  were 
selected  for  this  study.  Each  of  these  is  representative 
of  a  distinct  surface  w  ind  regime.  On  day  48  the  wind 
was  from  the  east,  blowing  parallel  to  the  front  within 
the  box  pattern.  On  day  49  the  air  flowed  from  the 
south  from  over  the  warmer  to  the  cooler  water,  while 
on  day  52  the  wind  reversed  direction  blowing  from 
over  the  cooler  water  to  the  warmer  water  (Table  1 ). 

3.  The  SST  distribution  and  cloud  fields 

The  main  frontal  location  has  been  digitized  from 
the  NOAA-9  Advanced  very  high  resolution  radiometer 
(AVHRR)  data  for  the  entire  FASINEX  period  bv 
flalliwell  et  al.  (  1987  ).  The  Box  pattern  was  centered 
on  the  east-west  surface  expression  of  the  front;  how¬ 
ever.  warm  tongues  of  water  extended  northward  to 
the  east  and  west  of  the  FASINEX  region  (Fig.  2). 
This  pattern  is  representative  of  the  SST  field  on  day 
48;  the  surface  was  obscured  by  clouds  on  the  other 
two  days.  The  front  was  distinguished  by  as  much  as 
2°C  temperature  difference  in  the  region  of  the  stron¬ 
gest  gradients.  The  surface  temperatures  typically  var¬ 
ied  from  about  17°  to  22°C'  in  the  FASINEX  area. 
Towards  the  end  of  the  experimental  period  the  warm 
water  to  the  west  of  the  FASINEX  box  intruded  into 
the  box  with  considerable  structure  (Pollard  1986). 
The  satellite  image  revealed  that  on  day  48  a  few  scat¬ 
tered  cumulus  clouds  appeared  to  be  confined  to  the 


Tabit  1 

.  Summary  of  (lights. 

Flight 

day 

Surface  wind 
direction 

Comments 

4X 

East 

Parallel  to  east-west  expression  of  the 
front  and  perpendicular  to  north- 
south  expression 

49 

South 

Wind  blowing  from  the  warm  to  the 
cold  water 

52 

North 

Wind  blowing  from  the  cold  to  the 
warm  water 

Longitude 


Flo.  3.  Digitized  frontal  region  for  day  4X  from  the  AVHRR  image 
(after  Halliwell  et  al.  19X7),  The  insen  A  represented  the  position 
of  the  FASINEX  aircraft  study  area. 

boundary  layer  over  the  warmer  water  in  the  southern 
part  of  the  box.  These  clouds  were  generally  banded 
and  organized  in  an  east-west  direction  parallel  to  the 
surface  wind.  Deeper,  more  horizontally  uniform  sheets 
of  clouds,  with  tops  near  ()°C.  were  observed  at  the 
eastern  and  western  extremities  of  the  region  over  the 
northward  extension  of  the  warmer  water.  In  contrast, 
on  day  49  altostratus  type  clouds,  with  cloud  top  tem¬ 
peratures  below  -40°C,  covered  the  entire  FASINEX 
region  obscuring  the  boundary  layer  clouds.  On  day 
52  the  FASINEX  region  was  covered  partially  by  low 
level  bands  of  cloud  which  were  parallel  to  the  surface 
wind  and  similar  in  structure  to  those  observ  ed  on  day 
48;  however,  in  this  case  they  were  observed  over  the 
entire  region  (Table  1 ). 

The  distribution  of  the  aircraft  measured  SST  for 
day  48  is  shown  in  Fig.  3a.  The  front  was  sharp  and 
oriented  in  an  east-west  direction  with  the  warmer  wa¬ 
ter  to  the  south.  Outside  of  the  immediate  frontal  region 
the  SST  was  relatively  uniform  except  in  the  northeast 
corner  of  the  box  where  there  was  an  east-west  tem¬ 
perature  gradient.  The  latter  reflects  the  proximity  of 
the  warmer  water  to  the  east  of  the  FASINEX  region 
observed  in  Fig.  2.  The  frontal  region  was  between  5 
and  10  km  wide  with  a  SST  increase  of  about  2°C 
across  the  front  from  about  19.8°r  on  the  cooler  side. 
On  the  warm  side  of  the  front  me  SST  increased  grad¬ 
ually  to  a  maximum  temperature  about  25  km  away 
from  the  interface.  On  the  cold  side  of  the  front  the 
SST  was  relatively  constant.  The  mean  surface  winds, 
within  the  FASINEX  area,  were  easterly,  parallel  with 
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the  front.  The  same  feature  was  clearly  discernible  on 
day  49;  however,  warmer  water  began  to  move  north¬ 
ward  at  the  eastern  and  western  edges  of  the  FASINEX 
area  (Fig.  3b).  By  day  52.  the  frontal  structure  had 
weakened.  Although  there  was  still  a  strong  north  to 
south  temperature  gradient,  the  well-defined  temper¬ 
ature  structure  observed  on  the  previous  days  had  be¬ 
gun  to  break  dow  n  (  Fig.  3c). 

4.  Vertical  structure  of  the  boundary  layer 

Profiles  were  obtained  during  the  aircraft  descent  to 
the  north  of  the  FASINEX  area  generally  over  the 
cooler  water  and  during  ascent  over  warmer  water  to 
the  south  of  the  area.  In  addition,  the  NOAA-P.3  aircraft 
flew  stack  patterns  at  the  northern  and  southern  ex¬ 
tremities  of  the  box.  The  latter  were  reported  on  by 
Khalsa  and  Greenhut  ( 1988). 

Five  distinct  layers  were  discernible  on  the  cold  side 


longi tude 


Flo.  3.  Aircraft  measured  SST  pattern  in  the  FASINEX  area  for 
(a) day  48;  (b)  day  49;  and  (c) day  52.  The  frontal  region  is  shaded 


of  the  front  on  day  48:  an  internal  boundary  lay**r  ( IBL ) 
or  surface  layer:  a  mixed  layer  which  extended  from 
about  300  to  about  1 100  m;  a  transition  layer  between 
about  1 100  and  1500  m  in  which  the  potential  tem¬ 
perature.  ft,  increased  with  height:  a  r  A'ud  layer  which 
was  located  between  1500  and  180.)  m:  and  an  inver- 
sion  layer  which  was  less  than  50  m  deep  (Fig.  4a). 
The  IBL  has  been  previously  observed  intermittently 
in  a  study  of  marine  stratiform  clouds  (  Nicholls  and 
Leighton  1986).  These  authors  referred  to  the  layer  as 
a  surface  or  F.kman  lav^r  representing  the  limit  of  the 
surface  generated  tuibulence  mixing.  The  transition 
layer  was  similar  to  that  observed  in  the  tropics  (Ni¬ 
cholls  and  LeMone  1980).  ft  increased  by  about  0.5  K 
from  the  top  of  the  mixed  layer  to  cloud  base,  sup¬ 
pressing  dry  turbulent  mixing  originating  lower  in  the 
MABL.  Immediately  above  cloud  top  ft  increased  by 
5  K  forming  a  moderate  temperature  inversion.  The 
variability  in  the  inversion  was  due,  primarily,  to  hor- 
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Flo.  4  (a)  Vertical  profiles  of  0.  q  and  ,  obtained  during  the  descent  sounding  over 
the  cold  water  on  the  north  side  of  the  front  on  day  48.  The  MABL  is  divided  into  five 
layers:  I  )  internal  boundary  layer;  2 )  mixed  layer;  3 )  transition  layer;  4 )  cloud  layer;  and 
5 )  inversion  layer,  (b  I  Vertical  profiles  of  the  horizontal  wind  components  obtained  during 
the  descent  sounding  over  the  colder  water  on  the  north  side  of  the  front  on  day  48. 


izontal  changes  in  the  inversion  height  along  the  flight 
path.  Cloud  base  height  also  varied  considerably.  This 
profile  was  obtained  near  the  northeast  corner  of  the 
FASINEX  area  close  to  the  warmer  water  located  to 
the  east  of  the  region  (Fig.  2).  Thus,  much  of  the  air 
in  the  boundary  layer  most  likely  originated  over  the 
warmer  water.  The  high  moisture  content  of  the  marine 
boundary  layer  is  observed  in  the  mixing  ratio,  q ,  pro¬ 
file  which  dominated  the  equivalent  potential  temper¬ 
ature  (0,,).  Within  the  mixed  layer  q  was  about  7.8  g 


kg  ' ;  however,  below  300  m  in  the  IBL.  the  moisture 
content  was  much  higher  resulting  in  a  maximum  in 
0,..  The  top  of  this  layer  appears  to  have  been  the  max¬ 
imum  extent  of  the  surface-related  turbulent  mixing. 
This  layer  appears  to  have  been  decoupled  from  the 
mixed  layer  and  may  represent  the  development  of  an 
internal  boundary  which  formed  as  the  air  flowed  from 
the  warm  water  to  cold  water.  There  is  a  discontinuity- 
in  q  and,  hence,  in  0,.  at  the  top  of  the  IBL.  In  contrast 
6  is  continuous  throughout  the  subcloud  layer  with  no 
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discontinuity  between  the  top  of  the  IBL  and  base  of 
the  mixed  layer.  Elsewhere,  turbulent  mixing  appears 
to  have  been  quite  weak.  The  estimated  lifting  con¬ 
densation  level  ( LC'L )  for  air  originating  in  the  mixed 
layer  was  above  the  top  of  the  IBL  and.  therefore,  above 
the  level  reached  by  surface-related  turbulent  mixing. 
Through  the  transition  layer,  separating  the  cloud  and 
subcloud  layers,  i/  decreased  rapidly.  This  decrease 
continued  more  slowly  within  the  cloud  layer  where 
the  lapse  rate  was  close  to  the  saturation  adiabat.  Across 
the  inversion  </  decreased  by  about  5  g  kg  1  resulting 
in  a  decrease  of  ft,,  to  a  minimum  immediately  above 
the  MABL .  This  feature  is  frequently  observed  at  the 
top  of  the  MABI..  Betts  and  Albrecht  (  1987)  explained 
the  phenomenon  in  terms  of  radiative  cooling  in  the 
air  subsiding  above  the  boundary  layer.  Within  the  free 
atmosphere  0,  increased  in  height  in  response  to  the 
increase  in  ft  and  the  low  mixing  ratio.  The  ft,,  discon¬ 
tinuity  of  9  k  across  the  inversion  exceeded  the  critical 
entrainment  instability  value  so  that  the  cloud  field 
was  controlled,  at  least  partially,  by  entrainment. 

Below  about  1  100  m  the  air  How  was  primarily  from 
the  cast,  veering  to  the  south  above  the  mixed  layer  up 
to  the  base  of  the  inversion  (Fig.  4b).  The  strongest 
shear  occurred  in  the  u  component  at  cloud  base  and 
cloud  top.  Shear  was  also  supported  at  about  300  m 
elevation,  corresponding  with  the  top  of  the  IBL. 

An  important  feature  of  the  boundary  layer  on  the 
warm  side  of  the  front  was  the  presence  of  a  multiple 
boundary  layer  structure.  The  most  prominent  struc¬ 
tures  in  the  boundary  layer  were  two  well-mixed  layers 
and  two  cloud  layers  ( F  ig.  5a ).  Hie  surface  based  mixed 
layer  extended  up  to  about  X00  m.  Scattered  cumulus 
clouds  occupied  a  layer  between  about  800  and  1300 
m  (layer  At.  Above  this  was  a  deep  inversion  layer 
extending  up  to  the  base  of  an  elevated  mixed  layer 
located  between  about  1900  and  2600  m.  Scattered 
clouds  occupied  the  upper  300  m  of  this  layer  (layer 
B ).  A  comparison  of  the  profiles  off/  from  over  warmer 
water  and  over  the  colder  water  reveals  that  the  free 
atmosphere  had  a  similar  temperature  profile  in  both 
cases  above  2600  nr.  thus  the  variability  in  the  structure 
was  confined  to  the  M  ABI  .  Here  the  average  temper¬ 
ature  of  the  profile  from  the  colder  side  of  the  front 
was  about  1.2  k  lower  than  over  the  warmer  water. 

I  he  mixing  ratio  was  also  larger  on  the  warmer  side 
of  the  front,  and  remained  high  up  to  the  base  of  the 
inversion:  (/dropped  rapidly  to  about  0.5  g  kg  1  in  the 
tree  atmosphere.  The  high  moisture  content  in  the  up¬ 
per  part  of  the  M  ABI  resulted  in  maximum  values  of 
II,  in  the  elevated  mixed  layer.  Throughout  this  layer 
there  is  considerable  variability  in  the  moisture  content. 
Although  these  data  have  been  averaged  to  I  FI/,  the 
fluctuations  in  the  horizontal  wind  components  ( Fig. 
5b)  and  the  thermodynamic  structure  indicate  that 
turbulent  mixing  extended  Fvelow  the  cloud  field  into 
the  subcloud  layers.  The  high  level  of  turbulence 
throughout  the  surface  based  mixed  layer  and  lower 


cloud  layer,  despite  a  stable  transition  layer  below  cloud 
base  which  limits  the  vertical  exchange  of  buoyancy 
and  momentum,  suggests  that  there  was  more  than 
one  source  of  turbulent  kinetic  energy.  Thus  mixing 
within  the  cloud  layer  was  most  likely  maintained  by 
radiative  processes  rather  than  surface-related  turbu¬ 
lence  mixing.  The  layer  separating  the  two  major 
MABL  structures  was  strongly  stratified,  but  only 
w'caklv  turbulent. 

The  origin  of  the  air  in  the  boundary  layer  can  be 
investigated  using  a  mixing  diagram  approach.  Several 
methods  have  been  proposed,  for  example.  Paluch 
( 1979)  and  Betts  (  1982).  These  extend  the  concept  of 
quasi-conservative  mixing  originally  introduced  by 
Taylor  ( 1917).  Here  we  use  the  method  developed  by 
Paluch  (  1979)  and  applied  by  Gardiner  and  Rogers 
( 1987)  to  the  evolution  of  continental  cumulus  clouds. 
Two  conservative  thermodynamic  variables  are  de¬ 
fined:  the  total  mixing  ratio.  Q.  and  the  wet  equivalent 
potential  temperature.  //„.  The  latter  is  a  measure  of 
the  specific  entropy  and  is  conserved  along  a  reversible 
wet  adiabat.  In  general,  a  mixture  of  air  from  two  levels 
will  lie  on  a  straight  line  connecting  the  two  points 
with  mixing  proportions  varying  along  the  line. 

The  mixing  diagram  for  the  day  48  colder  water  pro¬ 
file  is  shown  in  Fig.  6a.  In  addition  to  the  profile  data, 
the  0q-Q  values  for  several  SSTs  representative  of  tem¬ 
peratures  on  each  side  of  the  front  are  also  show  n.  Air 
in  equilibrium  w  ith  the  underlying  surface  w  ill  be  close 
to  the  “saturation"  line  connecting  these  points.  Mixing 
line  v  indicates  that  the  air  below  300  m  had  been 
modified  by  the  underlying  cooler  water  (SST 
^  I9°C).  Air  higher  up  in  the  MABL  mixed  along 
line  r,  combining  air  originating  over  warmer  water 
and  air  from  the  lop  of  the  MABL.  The  air  between 
these  mixing  lines  indicates  that  some  mixing  occurred 
between  the  surface  layer  and  the  overlying  air.  This 
region  contains  most  of  the  in-cloud  points  which  sug¬ 
gests  that  the  cloud  layer  had  partially  mixed  with  air 
from  below  cloud  base.  This  corresponds  with  the 
transition  layer  observed  in  the  vertical  profiles.  Most 
of  the  in-cloud  data  indicate  that  mixing  occurred  only 
with  air  in  the  immediate  v  icinity  of  the  cloud  field. 
However,  the  in-cloud  points  marked  C  in  Fig.  6a.  are 
an  exception:  these  represent  mixtures  of  air  from  the 
surface  and  above  the  inversion.  Unfortunately,  the 
sparsity  of  the  data  prevents  a  specific  determination 
of  the  origin  of  this  cloudy  air  and  the  possibility  of 
instrumental  wetting  problems  cannot  be  excluded. 

The  mixing  diagram  for  the  day  48  sounding  over 
the  warmer  water  is  shown  in  Fig.  6b.  Two  distinct 
mixing  lines  are  apparent:  from  the  surface  to  about 
1 300  m  ( line  ,v)  and  from  about  1 800  to  2600  m  ( line 
r).  These  regions  were  separated  by  a  dry  layer  where 
fl(.  was  a  minimum.  The  air  in  the  lower  mixed  layer 
was  a  mixture  of  air  from  two  sources;  the  ocean  surface 
in  the  vicinity  of  20°C  water  and  the  region  immedi¬ 
ately  Fvelow  the  dry  layer  (line  x).  These  mixtures  con- 


2050 


JOURNAL  OF  THE  ATMOSPHERIC  SCIENCES 


Voi .  46,  No.  1 3 


o 

o 


290  0  300  0  310  0  0  0  5  0  10  0  310.0  320  0  330  0 


#  (K)  q  (g  kg)  Be  (K) 


o 

o 


1  1  0  6  0  2  0  6  0  2  0  10  0 


u  (m  s)  v  (m  s) 

Fl< «.  >.  la)  Vertical  profiles  of X  </  and  for  the  air  mass  originating  over  the  warmer 
water  on  the  south  side  of  the  front  on  day  48.  Two  distinct  boundary  laser  structures, 
denoted  A  and  R.  are  identified.  l  aser  A  consists  of  a  mixed  laser,  transition  laser  and 
cloud  laser  laser  B  consists  of  a  mixed  layer  and  a  cloud  laser,  lb)  Vertical  profiles  of 
the  horizontal  wind  components  for  the  air  mass  originating  oscr  the  warmer  water  on 
the  south  side  of  the  front  on  day  48. 

tained  about  30'J  surface  air  and  70'7  air  which  orig-  the  elevated  layer  appears  to  have  been  an  anomalous 

inated  near  the  top  of  layer  A  (  Fig  5a).  The  in-eloud  feature  of  the  MABL.  Since  the  wind  in  this  laser  was 

parcels  in  this  layer  consisted  entirely  of  mixtures  of  from  the  northwest,  this  air  was  probable  adverted  into 

air  from  within  the  mixed  la\er;  mixing  across  the  dry  the  FAS! NI  X  region  from  the  cloud  held  to  the  west 

region  (  1300-1800  m )  was  negligible.  These  results  of  the  area  show  n  in  Fig,  2. 

max  be  contra  ted  with  the  continental  convective  On  day  49  the  temperature  inversion  capping  the 
cloud  observations  of  Gardiner  and  Rogers  (  1987 ),  in  marine  layer  was  much  weaker  (  Fig.  7a ).  In  this  case 

which  air  from  great  heights  was  mixed  down  towards  the  wind  direction  was  from  the  south  from  over  the 

cloud  base.  In  contrast,  layer  B  consisted  of  a  mixture  warmer  water  to  the  colder  water.  Deep  convective 

of  air  from  the  base  of  the  MABL  inversion  and  air  clouds  were  present  throughout  the  latter  part  of  the 

originally  in  the  vicinity  of  approximately  24. 5°C  water  flight  with  multiple  cloud  bases  and  tops,  and  occa- 

( line  .)■).  Such  warm  water  was  not  fount  in  the  FA-  sional  precipitation.  In  this  case,  the  profiles  obtained 

SINF.X  region.  The  dryness  of  the  air  between  layers  on  each  side  of  the  front  were  quite  similar.  The  mixed 

A  and  B  is  characteristic  of  the  free  atmosphere.  Thus  layer  extended  up  to  about  700  m  above  an  IBL  that 
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Fk».  6  (a)  Mixing  diagram  for  the  descent  profile  over  the  colder 
water  on  day  48.  4>„lUj  represents  Q  and  Theta#  represents  ttq.  The 
points  marked  17.  19  and  22  represent  the  Q  -  0q  positions  for  sat¬ 
urated  air  at  these  respective  SSTs.  A  saturation  curve  connects  these 
points.  Two  mixing  lines  x  and  y  arc  identified.  In-cloud  values  arc 
denoted  by  crosses  ( + ).  The  points  marked  C  represent  the  highest 
cloud  level  within  the  boundary  layer,  (b)  Mixing  diagram  for  the 
ascent  profile  over  the  warmer  water  on  day  48. 


was  between  200  and  300  m  deep  on  the  cooler  side 
of  the  front.  There  is  some  uncertainty  in  the  depth  of 
this  layer  because  of  variations  in  aircraft  positions. 
The  top  of  the  surface  layer  was  capped  by  a  very  shal¬ 
low,  sheared  region  (Fig.  7b).  This  is  similar  to  the 
structure  observed  over  the  cooler  water  on  day  48 
with  the  wind  direction  from  the  east,  apparently,  also 
downwind  of  a  warm  water  source.  On  the  warm  side 
of  the  front  the  mixed  layer  extended  from  the  surface 
to  about  600  m  (Fig.  8).  The  top  of  the  mixed  layer, 
on  both  sides  of  the  front,  was  distinguished  by  a  large 
discontinuity  in  the  mixing  ratio  and,  consequently, 
the  equivalent  potential  temperature.  Overall,  0  was 
approximately  2  K  warmer  up  to  1800  m  and  q  ap¬ 
proximately  4  g  kg  1  higher  below  the  top  of  the  mixed 
layer  than  observed  on  day  48.  In  contrast  to  the  pre¬ 
vious  day,  the  q  profiles  indicate  that  there  was  con¬ 
siderable  interleaving  of  moist  and  dry'  layers  through¬ 
out  the  lower  atmosphere.  In  some  of  these  layers  q 
and  0,.  were  nearly  constant.  A  shallow  cloud  layer, 
about  100  m  deep,  was  encountered  at  the  top  of  the 
mixed  layer  on  the  cold  side  of  the  front;  however,  the 
cloud  field  was  not  penetrated  during  the  ascent 
sounding  below  5000  m. 

Turbulence  was  much  weaker  than  previously  ob¬ 
served  and  confined,  almost  exclusively,  to  the  mixed 
layer.  Figure  7b  suggests  that,  on  the  cold  side  of  the 
front,  the  turbulence  activity  was  less  in  the  IBL  than 
ir>  the  mixed  layer.  This  would  be  expected  since  the 
air  temperature  exceeded  the  surface  temperature  and 
thus  the  IBL  was  quite  stable  (see  section  5 ).  Further¬ 
more.  both  layers  on  the  cold  side  indicated  lower  tur¬ 
bulence  intensities  than  on  the  warm  side  of  the  front. 
Below  the  top  of  the  mixed  layer,  on  both  sides  of  the 
front,  the  air  was  primarily  from  the  south.  On  the  cold 
side  of  the  front,  there  was  a  region  of  strong  shear 
from  the  top  of  the  mixed  layer  to  about  1 500  m.  Above 
this  region  the  airflow  was  from  about  250°  with  con¬ 
siderable  small  scale  variability  in  the  structure.  The 
discontinuity  in  humidity  at  the  top  of  the  mixed  layer 
on  the  warm  side  of  the  front  was  much  less  pro¬ 
nounced  than  that  observed  over  the  colder  water. 
However,  strong  shear  was  also  observed  from  the  top 
of  the  mixed  layer  to  about  1500  m.  Above  this,  the 
flow  was  from  about  230°. 

The  mixing  diagram  for  the  warm  and  cold  water 
profiles  on  day  49  indicates  that  there  was  considerable 
continuity  in  the  structure  of  the  lower  atmosphere 
across  the  front  (Fig.  9).  Over  the  warmer  water  the 
air  below  approximately  1000  m  consisted  of  mixtures 
of  air  originating  near  the  surface,  in  the  vicinity  of 
22°C  water,  and  this  level.  The  mixed  layer  contained 
approximately  80%  air  originating  at  the  surface.  An 
intrusion  of  upper  level  moisture  was  similar  in  struc¬ 
ture  to  that  observed  over  the  warm  side  of  the  front 
on  day  48.  Once  again  this  air  appears  to  have  origi¬ 
nated  in  the  vicinity  of  24.5°C  water.  As  the  boundary 
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Flo  7.  (a)  Vertical  profiles  of  ft,  q  and  0,  for  the  air  mass  originating  over  the  colder 
water  on  the  north  side  of  the  front  on  day  49.  The  depth  of  the  entire  MABl.  is  nol  clear!) 
identified.  The  boundary  layer  consists  of  two  layers:  a  well  developed  internal  boundary 
layer  and  a  mixed  layer  Clouds  occupy  the  upper  portion  of  the  mixed  layer  which  is 
capped  by  a  discontinuity  in  humidity,  (b)  Vertical  profiles  of  the  horizontal  and  vertical 
wind  components  from  the  descent  sounding  over  the  colder  water. 


layer  passed  over  the  cooler  water,  the  surface-driven 
turbulence  was  confined  to  the  IBL.  Therefore,  tur¬ 
bulent  mixing  within  the  mixed  layer  was  probably 
maintained  by  radiative  transfer  within  the  cloud  at 
the  top  of  this  layer.  The  mixed  layer  was  composed 
of  a  mixture  of  about  50'?  air  originated  near  the  ocean 
surface  in  the  vicinity  of 22°C  and  50'?  air  originating 
at  about  1 100  m.  Thus,  as  indicated  by  mixing  line  r 
in  Fig.  9,  the  boundary  layer  air  on  both  sides  of  the 
front  had  a  similar  origin.  Continuity  is  therefore  pre¬ 
served  over  approximately  250  km.  [n  view  of  the  de¬ 
velopment  of  a  surface  layer  over  the  cold  water,  it  is 
difficult  to  explain  the  differences  in  the  temperature 
and  humidity  of  the  mixed  layer  air  in  terms  of  surface- 


related  mixing  processes.  The  lower  1)^  and  Q  values  in 
the  mixed  layer,  over  the  cold  water,  appear  to  be  due 
to  mixing  with  cooler,  dryer  air  aloft.  The  region  be¬ 
tween  1000  and  2400  m  was  anomalously  dryer,  and 
cooler  on  the  cold  side  of  the  front  compared  with  the 
observations  over  the  warmer  water.  Fntrainment  of 
this  air  into  the  top  of  the  mixed  layer  would  result  in 
the  cooling  and  dry  ing  out  of  the  boundary  layer  down, 
at  least,  to  the  top  of  the  surface  lay  er.  The  sharpness 
of  the  mixing  ratio  profile,  over  the  cloud  water  (Fig. 
7a)  is  indicative  of  cloud  top  entrainment  activity. 
Above  2400  m.  the  profiles  are  very  similar  on  both 
sides  of  the  front. 

On  day  52  there  was  a  more  pronounced  multiple 
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Fig.  8.  (a)  Vertical  profiles  of0,  </and  ^obtained  during  the  ascent  sounding  originating 
over  the  warmer  water  to  the  south  of  the  front  on  day  49.  A  single  mixed  layer,  extending 
down  to  the  sea  surface  is  identified,  (b)  Vertical  profiles  of  the  horizontal  and  vertical 
wind  components  obtained  during  the  ascent  sounding  over  the  warmer  water  on  day  49. 


boundary  layer  structure  similar  to  that  observed  over 
the  warm  water  on  day  48.  However,  in  contrast  to 
both  davs  48  and  49.  this  structure  is  observed  primarily 
in  the  temperature  profile  since  the  mixing  ratio  in  the 
upper  layer  was  only  about  25%  of  its  near  surface 
value  (Fig.  10).  Both  profiles  were  obtained  on  the 
cold  side  of  the  front.  The  surface  based  boundary  layer 
extended  up  to  about  1200  m  (layer  C).  There  was  a 
very  shallow  surface  layer  confined  to  the  lower  100 
m  of  the  atmosphere;  a  mixed  layer  which  extended 
from  the  top  of  this  layer  to  about  700  m;  and  a  layer 
of  scattered  cumulus  clouds  which  extended  up  to  ap¬ 
proximately  1000  m.  The  elevated  mixed  layer  occu¬ 
pied  a  layer  from  about  1 500  to  2200  m  capped  by  a 
deep  potential  temperature  inversion  extending  up  to 


about  2800  m  (layer  D).  No  clouds  were  penetrated 
in  this  layer,  although  scattered  clouds  were  observed 
at  this  altitude.  The  ascent  profile  was  obtained  about 
three  hours  later  to  the  northwest  of  the  Box.  the  struc¬ 
ture  was  almost  identical,  except  for  warming  of  the 
MABL.  possibly  due  to  subsidence  which  had  strength¬ 
ened  the  capping  inversion. 

The  mixing  diagram  clearly  indicate  that  these  pro¬ 
files  were  almost  identical  with  the  layer  C  mixed  layer 
air  originating  over  I9°C  water  (Fig.  1 1 ).  The  mixed 
layers  identified  in  layer  D  appear  to  have  originated 
over  a  warmer  ocean  surface;  however,  the  very  low 
mixing  ratios  indicate  that  this  air  had  mixed  exten¬ 
sively  with  the  surrounding  environment,  as  observed 
on  day  49. 
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In.  9  Mixing  diagram  tor  the  cold  \satcr  sounding  ( A.  solid  line) 
and  the  warm  water  sounding  (  B.  dashed  line )  soundings  on  day  49. 
I  he  mixing  line  y  connects  the  air  in  the  mixed  lasers  on  both  sides 
of  the  front 


5.  Mean  horizontal  structure 

The  mean  horizontal  structure  of  the  FASINEX 
boundary  layer  was  obtained  from  the  SCAR  Flectra 
and  NRI.-P3.  The  F.lectra  measurements  were  obtained 
at  30  m  nominal  altitude.  Time  series  of  W.  q,  cloud 


base  temperatures  (TCB),  SST,  sea-air  virtual  potential 
temperature  difference  (A0t,)  and  the  LCL  for  two 
crossings  of  the  front  on  day  48  are  shown  in  Fig.  12. 
These  legs  differed  only  in  so  far  as  there  was  a  slightly 
lower  overall  SST  (about  0.5°C)  and  lower  values  of 
q  (0. 5-1.0  g  kg  ')  on  leg  5-6  compared  with  leg  2-3 
(Fig.  I  ).  This  resulted  in  a  lower  sea-air  temperature 
difference  and  higher  lifting  condensation  levels  on  leg 
5-6.  On  both  legs,  clouds  were  observed  only  over  the 
warmer  water.  The  LCL  varied  from  a  maximum  of 
about  950  m  on  the  warm  side  to  a  minimum  of  about 
800  m  on  the  cold  side  of  the  front.  Considerable  fluc¬ 
tuations  occurred  throughout  the  time  series  primarily 
due  to  fluctuations  in  humidity  and  the  overall  gradient 
in  temperature  across  the  front.  The  estimated  LCL 
from  the  vertical  profiles  corresponded  with  cloud  base 
on  the  warmer  side  of  the  front,  but  was  considerably 
lower  than  the  observed  cloud  base  on  the  cold  side  of 
the  front.  However,  as  discussed  above,  the  LCL  was 
above  the  level  reached  by  surface-related  turbulence 
mixing  w  hich  was  confined  to  the  IBL  on  the  cold  side 
of  the  front. 

Along  both  of  the  legs  q  remained  relatively  constant 
although  there  was  a  sharp  gradient  in  ft  across  the 
front.  On  leg  2-3  the  gradient  in  ft  is  displaced  over  the 
cooler  water,  whereas,  on  leg  5-6  the  change  in  II  co¬ 
incided  more  nearly  with  the  strongest  temperature 
gradients  in  the  ocean.  On  leg  2-3.  estimates  of  Aff, 
along  these  flight  tracks  indicate  that  the  minimum 
sea-air  temperature  difference  occurred  over  the  colder 
water,  immediately  to  the  north  of  the  strongest  ocean 
gradient.  These  displacements  clearly  indicate  that 
there  was  cross  frontal  flow  from  the  warmer  water  to 
the  colder  water,  although  the  source  of  this  air  may 
have  been  to  the  east  of  the  area.  The  decrease  in  the 
variability  of  ft  from  the  warm  to  the  cold  side  of  the 
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Fig.  10.  Vertical  profiles  of  8,  q  and  8,  obtained  during  the  descent  sounding  on  the 
colder  side  of  the  front  on  day  52.  The  boundary  layer  structure  is  similar  to  that  observed 
on  day  48  (Fig.  4b). 
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colder  water  approximately  20  km  downwind  of  the 
r  front  (the  aircraft  flew  at  about  100  m  s  thus  20  km 

s  3.5  min.).  Estimates  of  Aftt  (approx.  -l°C)and  the 
buoyancy  flux,  discussed  here,  on  the  cold  side  of  the 
front  indicate  that  there  was  little  vertical  exchange 
between  the  developing  1BL  and  the  overlying  bound- 
19.  0  •  ary  layer.  Thus  the  cloud  field  probably  developed  over 

the  warmer  water  and  was  advected  to  the  north  of  the 
1  front. 


I- k .  .11.  Mixing  diagram  for  the  cold  water  sounding  ( solid  line)  li 

and  the  warm  water  sounding  I  dashed  line )  profiles  on  da>  52.  Both 
profiles  were  obtained  over  the  colder  water. 


front  is  indicative  of  a  significant  change  in  the  con¬ 
vective  scales  on  each  side  of  the  front. 

Time  series  of  ft.  «/.  TCB.  SST.  Aft,  and  LCT.  for 
two  legs  crossing  the  front  on  day  49  are  shown  in  Fig. 
1 3.  The  cloud  field  w  as  dominated  by  high  level  clouds 
w  ith  bases  below  -20°C  on  both  sides  of  the  front, 
fhe  lower  level  clouds  were  also  distributed  quite 
evenly  across  the  front  with  cloud  bases  near  the  top 
of  the  boundary  layer.  As  discussed  above,  the  bound¬ 
ary  layer  was  7(K)  and  600  m  deep  on  the  cold  and 
warm  side  of  the  front,  respectively.  The  LC'L  was  lower 
than  on  day  48  with  heights  ranging  from  about  400 
to  700  m.  This  was  due  primarily  to  higher  moisture 
contents  in  the  boundary  layer,  although  this  effect  was 
partially  offset  by  higher  temperatures.  In  the  vicinity 
of  the  front  there  was  a  decrease  in  humidity  and  tem¬ 
perature  which  may  have  been  due  to  local  subsidence 
1 1  riche  and  l.uu.  private  communication).  This  re¬ 
sulted  in  the  highest  lifting  condensation  levels  and 
fewer  low  level  clouds  immediately  down  wind  of  the 
front.  The  I  .Cl.  heights  were  much  lower  on  both  sides 
of  the  front,  so  that  even  weak  surface  driven  convec¬ 
tion  could  be  responsible  for  substantial  cloudiness. 
On  both  sides  of  the  front  the  I  .CL  was  below  the  top 
of  the  MABL..  determined  from  the  vertical  profiles, 
within  either  the  IBL  on  the  cold  side,  or  within  the 
mixed  layer  on  the  warm  side  of  the  front. 

The  time  series  of  ft  indicates  that  warmer  air  has 
crossed  the  front  with  the  sharpest  gradients  over  the 
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Flo.  12.  lime  senes  of  0.  q,  CBT,  SST.  aw,  and  LCL  for  two 
crossing  of  the  front  on  day  48:  (a)  leg  2-3,  (b)  5-6.  A  gap  appears 
in  the  time  series  on  the  second  leg  due  to  a  fault  in  data  acquisition. 
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oped  within  the  mixed  layer  and,  thus,  may  differ  from 
those  observed  in  the  vertical  profiles  which  had  bases 
above  700  m.  Visual  observation  indicated  that  these 
were  shallow  fair-weather  cumulus  cloud  elements. 
Again  the  mixing  ratio  appears  to  be  the  dominant 
thermodynamic  parameter. 

An  interesting  feature  of  the  atmospheric  thermo¬ 
dynamic  structure  is  the  apparent  sensitivity  of  the  air 
over  the  cooler  water  to  the  warmer  water  downwind 
of  the  front.  That  is,  although  the  flow  is  from  the  cooler 
side  of  the  front  to  the  warmer  side  the  potential  tem- 
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perature  and  mixing  ratio  begin  to  increase  before  the 
air  crosses  the  front.  This  is  another  indication  of  the 
possibility  of  secondary  circulations  in  the  vicinity  of 
the  front. 

6.  Turbulence  structure 

The  development  of  the  entire  MABL  is  likely  to 
depend  strongly  on  variations  in  the  turbulence  struc¬ 
ture  in  the  vicinity  of  the  front.  This  can  be  investigated 
using  conditional  sampling  techniques.  Recent  studies 
of  subcloud  layer  convection  have  used  either  ampli¬ 
tude  threshold  conditional  sampling  techniques  (e.g., 
Holland  1973;  Lenschow  and  Stephens  1980;Greenhut 
and  Khalsa  1982,  1987;  Khalsa  and  Greenhut  1985) 
or  bivariate  conditional  sampling  techniques  (e.g., 
Wilczak  and  Businger  1983;  Grossman  1984;  Prabhu 
and  Grossman  1985;  Rogers  and  Businger  1988).  In 
this  study  the  bivariate  method  proposed  by  Holland 
( 1973)  is  emphasized. 

a.  Conditional  sampling  techniques 

Conditional  sampling  techniques  have  been  suc¬ 
cessfully  employed  to  estimate  turbulent  fluxes  of  heat 
and  moisture  from  noncontinuous  time  series  of  vari¬ 
ances.  Holland  has  shown  that  the  vertical  flux  of  a 
passive  scaler,  £.  can  be  decomposed  into  four  com¬ 
ponents  using  a  bivariate  conditional  sampling  tech¬ 
nique.  Thus, 

=  w'+  |'+  +  »■+{•-  +  H  -  C-  +  (  l  ) 

(++)  (+-)  <  — )  (-+) 

If  £’  is  replaced  by  $[,.  the  fluctuating  component  of 
the  virtual  potential  temperature,  Eq.  ( 1 )  represents 
the  buoyancy  flux.  The  dominant  feature  is  a  cell  core 
associated  with  upward  moving  positively  buoyant  air 
(+  +  )  or  downward  moving  negatively  buoyant  air 
( — )  which  represents  a  direct  flux  ( Fig.  1 5 ) .  A  much 
smaller  direct  flux  is  associated  with  mass  compensa¬ 
tion  flow  as  cells  move  upward  or  downward.  Gross- 
m  n  ( 1984)  suggests  that,  in  this  case,  w',  the  fluc¬ 
tuating  component  of  the  vertical  velocity,  is  small 
while  0[.  is  large.  Small  scale  mixing  (entrainment-de- 
trainment )  is  identified  as  air  moving  laterally  between 
cells.  Air  entrained  into  an  upward  moving  cell  or  de¬ 
trained  from  a  downward  moving  cell  is  represented 
by  while  air  detrained  from  an  upward  moving 

cell  or  entrained  into  a  downward  moving  cell  is  given 
by  w\0v'. .  In  addition,  entrainment  occurring  at  the 
top  of  a  cell  and  overshooting  of  parcels  may  also  con¬ 
tribute  to  the  indirect  flux  or  negative  flux  (Wilczak 
and  Businger  1983). 

An  indicator  function  is  defined  to  produce  four  cat¬ 
egories, 

/(w’  >  0,  >  0)  =  +2 

!(w'>  0,  0'v  <  0)  =  +1 
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Fig.  15.  Schematic  of  direct  and  indirect  fluxes  related  to 
upward  and  downward  moving  cells. 


I  (w'  <  0,  8'v  >  0)  =  -1 
/ ( w'  <  0,  fl',,  <  0 )  *  -2.  (2) 

These  indices  are  used  to  find  discrete  time  intervals 
associated  with  the  four  categories  over  the  length  of 
the  time  series.  Combinations  involving  zero  have  not 
been  included  because  they  are  very  rare. 

Equation  2  can  be  modified  to  give  indices  based  on 
the  threshold  conditional  sampling  technique  of  Khalsa 
and  Greenhut  ( 1985),  so 

l  (*•'  >  w;h+ ,  dv'  >  0)  =  +2 

/  (w' s*  w;h+,  8v'  <  0)  =  +i 

/  ( w;h_  <  w'  <  *•;„♦)  ■»  o 

/  ( vf'  <  ,  dv'  >  0)  ■  -  i 

/  ( w'  vt  ;h_ ,8v'<  0)  =  -2  ( 3 ) 

where  I  =  0  represents  the  environment  determined 
by  the  vertical  velocity  threshold,  n’|h-.  However, 
Khalsa  and  Greenhut  (1985)  consider  only  the  velocity 
term  so  that  (3)  becomes 

!(*•'>  w'lh+)  s  +1 

I  (w;h_  <  vv’  <  vv;h+)  =  0 

I  ( u’ s:  *■;„.  )  =  -1  (4) 

In  addition,  Khalsa  and  Greenhut  include  the  cri¬ 
terion  that  events  must  be  at  least  0.2  s  in  duration  or 
about  22  m  in  length.  The  threshold  for  updrafts 
(downdrafts)  vejh+  (w|h- )  is  set  equal  to  the  square 
root  of  one-half  of  the  variance  of  the  positive  (nega¬ 
tive)  values  of  w'  about  w  ’  =  0  (Greenhut  and  Khalsa 
1987).  This  approach  tends  to  include  what  may  be 
smaller  scale  mixing  events,  such  as  mixing  into  cell 
tops  and  local  compensating  flow,  into  the  environment 
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category.  Khalsa  and  Greenhut  ( 1988)  presented  re¬ 
sults  from  a  study  of  NOAA  P-3  aircraft  data  from 
FASINEX.  This  showed  that  the  environment  occu¬ 
pied  about  70%  of  the  total  area  and  contributed  be¬ 
tween  22%  and  29%  of  the  buoyancy  flux.  It  was  as¬ 
sumed  that  all  of  the  flux  should  be  associated  with 
well-defined  cell  areas.  As  pointed  out  by  Grossman 
( 1984)  such  obvious  cell-like  signatures  are  not  always 
observed  since  aircraft  of  shipbome  sensors  do  not  al¬ 
ways  sample  the  most  active  part  of  a  cell.  However, 
if  long  enough  time  series  are  obtained  in  a  random 
field  of  convective  cells,  statistics  representative  of  a 
single  convective  cell  will  emerge  ( Frisch  and  Businger 
1973). 

b.  Turbulence  statistics 

Statistics  on  the  mean  partitioned  fluxes  for  each 
day  are  estimated  from  two  of  the  four  frontal  crossings 
flown  on  each  circuit  of  the  box  pattern.  Each  leg  is 
divided  into  three  segments:  warm,  cold  and  the  frontal 
region.  The  latter  is  loosely  defined  as  the  region  con¬ 
taining  the  largest  gradients  of  temperature  and  mois¬ 
ture.  The  MABL  consisted  of  discrete  cell-like  struc¬ 
tures  with  a  substantial  contribution  to  the  buoyancy 
flux  from  smaller  less  coherent  elements. 

The  fractional  time  and  mean  partitioned  fluxes  for 
day  48  are  shown  in  Table  2.  The  direct  fluxes  ac¬ 
counted  for  an  average  of  62%  of  the  total  time  with 
the  remaining  38%  in  the  indirect  modes  on  the  warmer 
side  of  the  front,  and  54%  in  the  direct  mode  and  46% 
in  the  indirect  mode  on  the  cooler  side  of  the  front. 
The  partitioned  fluxes  over  the  warm  water  can  be 
compared  with  the  estimates  of  Grossman  ( 1984)  of 
64%  and  36%  in  direct  and  indirect  modes,  respectively, 
over  the  Atlantic  trade  winds  near  Barbados.  The  ratio 
of  updraft  area  to  downdraft  area  was  similar  on  both 
sides  of  the  front  ( 0.82  over  the  warmer  water  and  0.80 
over  the  colder  water).  However,  the  partitioned  fluxes 
indicate  that  direct  convection  and  turbulent  mixing 
were  much  more  active  over  the  warmer  water  than 
the  cooler  water  with  the  frontal  area  acting  as  a  tran¬ 
sitional  region  on  a  scale  of  about  20  km  ( large  fluxes 
are  anticipated  in  the  immediate  vicinity  of  the  front; 
however,  the  feature  is  too  sharp  to  produce  statistically 
significant  results  in  this  area).  Furthermore,  the  up¬ 
drafts  were  much  more  intense  relative  to  the  down- 
drafts  on  the  warmer  side  of  the  front  than  on  the  cooler 
side.  The  field  appears  to  have  been  divided  between 
weakly  descending  regions  and  narrow’  more  intense 


updrafts.  Calculating  the  time  spent  in  updrafts  as  a 
percentage  of  the  total  time  spent  in  drafts  reveals  that 
44%  of  the  time  was  occupied  by  updrafts  on  both 
sides  of  the  front.  Mixing  or  indirect  fluxes  were  a  sig¬ 
nificant  portion  of  the  total  flux.  As  observed  by  Gross- 
man  ( 1 984 )  in  the  Atlantic  trade  winds  near  Barbados, 
the  indirect  fluxes  were  almost  equally  divided  between 
the  entrainment  and  detrainment  modes. 

On  the  warm  side  of  the  front  on  day  49,  the  direct 
flux  accounted  for  64%  of  the  total  time  which  was 
similar  to  the  structure  observed  on  day  48  (Table  3). 
However,  downwind  of  this,  on  the  cold  side  of  the 
front  the  direct  flux  accounted  for  only  39%  of  the  total 
time  with  the  flux  dominated  by  the  indirect  or  mixing 
modes.  The  ratio  of  the  updraft  area  to  downdraft  area 
was  0.84  on  the  warmer  side  and  1.07  on  the  cooler 
side  of  the  front.  Recalling  Fig.  1 3,  the  virtual  potential 
temperature  of  the  air  as  it  crossed  from  the  warm  to 
the  cold  side  of  the  front  was  higher  than  the  temper¬ 
ature  of  the  underlying  surface.  Thus,  as  the  air  crossed 
the  front,  the  surface-driven  buoyancy  flux  was  sup¬ 
pressed  and  turbuience  within  the  surface  layer  began 
to  collapse. 

The  buoyancy  fluxes  are  much  larger  everywhere  on 
day  52  than  in  the  previous  cases  (Table  4).  The  dom¬ 
inance  of  the  surfacedriven  turbulent  mixing  processes 
is  observed  in  the  direct  fluxes  which  occupied  about 
64%  of  the  total  time.  The  ratio  of  updrafts  to  down- 
drafts  varied  from  0.75  on  the  warmer  side  to  0.77  on 
the  cooler  side  of  the  front.  The  updrafts  were  much 
more  intense  than  the  downdrafts  and  both  were  sub¬ 
stantially  larger  than  the  indirect  fluxes.  The  updrafts 
over  the  warmer  water  were  about  1 .4  times  larger  than 
observed  upwind  over  the  colder  water.  Such  strong 
surface  forcing  can  clearly  explain  the  absence  of  an 
1BL  over  the  warmer  water. 

7.  Discussion  and  concluding  remarks 

Ocean  fronts,  in  the  subtropical  convergence  zone, 
have  surface  temperature  gradients  of  up  to  0.4°C  km  1 
which  are  relatively  constant  on  time  scales  of  at  least 
a  week  and  detectable  as  coherent  structures  for  longer 
periods  (Van  Woert  1982).  During  FASINEX  a  quasi¬ 
stationary  SST  discontinuity  of  2°C  was  maintained 
across  the  frontal  zone  throughout  the  measurement 
period.  In  this  geographical  area  the  atmospheric  svn- 
optic-scale  forcing  is  generally  relatively  weak  so  that 
the  response  of  the  MABL  to  the  front  can  be  readily 
determined.  The  primary  response  of  the  atmosphere 


Tabi  e  2.  Mean  partitioned  buoyancy  Duxes  (10'  K  m  s  ')  for  day  48.  The  percentage  area  occupied  by  each  partition  is  shown 
in  parentheses.  The  Duxes  are  divided  into  three  segments:  over  the  warmer  water,  near  the  front,  and  over  the  colder  water. 


Location 

+  + 

+  - 

— 

~  + 

Total  Dux 

Warmer  water 

14.29  (28) 

-2.74  (20) 

9.42(34) 

-3.53(18) 

17.44 

Frontal  region 

10.39  (26) 

-3.49  (20) 

7.43(31) 

-4.17(23) 

10.16 

Colder  water 

4.89  (24) 

-3.17(23) 

3.81  (30) 

-3.36  (23) 

2.17 
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Table  3.  Mean  partitioned  buoyancy  fluxes  for  day  49  (See  t  able 

2  for  complete  explanation  ) 

Location 

+  + 

+  - 

1  otal  flux 

Warmer  water 

7.37  (29) 

-1.46(181  4.92(35) 

1.95  (18) 

8.88 

Frontal  region 

2.10  (20) 

-2.97  (26)  2.05  (24) 

2.63  (.30) 

1  45 

Colder  water 

2.40  (20) 

6.18  (33)  2.33(19) 

8.59  (28) 

9  99 

to  changes  in  the  SST  occurred  in  the  surface-related 
turbulent  fluxes.  These  provide  the  heat,  moisture  and 
momentum  which  control  the  initial  development  of 
MABL.  clouds.  These  are  the  “forced"  clouds  described 
by  Stull  ( 1985)  and  Rogers  et  al.  ( 1985  ).  This  cloud 
type  depends  on  a  continuous  input  of  heat  and  mois¬ 
ture.  Above  the  level  of  free  convection  (LFC)  these 
clouds  become  a  so-called  "active,”  independent  cloud 
fraction  which  no  longer  depends  directly  on  the  surface 
forcing  ( Stull  1985 ).  The  present  observations  suggest 
another  category  where  "forced"  clouds  are  discon¬ 
nected  from  the  direct  thermal  forcing  by  the  devel¬ 
opment  of  either  a  surface  layer  or  a  transition  layer 
below  cloud  base.  These  clouds  and  the  surrounding 
structure  are  maintained  primarily  by  turbulence  mix¬ 
ing  generated  within  the  cloud  layer.  As  pointed  out 
by  Rogers  et  al.  ( 1985  )  an  obvious  source  of  turbulent 
kinetic  energy  within  the  cloud  field  is  radiative  warm¬ 
ing  at  cloud  base.  Other  observations  indicate  that  short 
w  av  e  heating  of  the  upper  part  of  the  cloud  layer  cou¬ 
pled  with  cloud-top  radiative  cooling  strongly  main¬ 
tains  kinetic  energy  production  in  the  upper  part  of  a 
cloud,  but  leads  to  the  decoupling  of  the  cloud  and 
subcloud  layers  (Nicholls  and  Leighton  1986;  Boers 
and  Betts  1988).  This  mechanism  maintains  turbulent 
mixing  within  the  cloud,  but  diminishes  it  in  the  uptfer 
part  of  the  subcloud  layer.  These  clouds  may  be  referred 
to  as  “radiativelv  forced"  ( R,)  rather  than  "thermally 
forced"  (/?,).  Thus,  although  clouds  are  initiated  by 
thermal  forcing,  the  continuity  of  the  field  over  the 
ocean  depends  to  a  large  extent  on  mixing  induced  by 
turbulence  generated  within  the  cloud  layer.  This  could 
account  for  the  longevity  of  the  rather  tenuous,  but 
extensive,  thin  layers  of  cloud  which  were  frequently 
observed  during  FASINEX.  A  cloud-capped  well- 
mixed  layer  can  be  maintained  if  the  cloud  layer  is  not 
eroded  due  to  entrainment.  In  this  case,  the  extension 
of  the  turbulence  generated  within  the  cloud  layer  be¬ 
low  cloud  base  can  also  be  important  in  controlling 
boundary  layer  ventilation.  However,  previous  results 
have  shown  that,  if  cloud-top  entrainment  instability 


develops,  mixing  through  cloud  top  and  cloud  base 
can  account  for  the  development  of  a  dry  stable  layer 
between  cloud  base  and  the  top  of  the  mixed  layer 
(Nicholls  1984;  Rogers  1986).  The  vertical  exchange 
of  heat  and  moisture  between  the  subcloud  layer  and 
the  cloud  layer  is  limited,  and  the  cloud  layer  erodes 
from  the  base  up  through  the  influx  of  large  amounts 
of  dry  air  from  aloft  (  Rogers  1986). 

An  important  feature  of  the  FASINEX  boundary 
layer  was  the  presence  of  an  internal  boundary  layer 
over  the  colder  water.  The  development  of  an  IBL  de¬ 
pends  primarily  on  changes  in  the  surface-related 
fluxes.  The  observations  indicate  that  this  layer  was 
most  pronounced  over  the  cold  water  when  the  air 
flowed  from  the  warm  side  of  the  front.  This  was  gen¬ 
erally  the  case  on  both  day  48  and  49.  Vertical  exchange 
between  the  surface  and  the  overlying  boundary  layer 
on  the  warm  side  of  the  front  was  not  restricted.  Here, 
the  IBL  was  absent  so  that  the  entire  boundary  layer 
was  strongly  coupled  to  the  surface  fluxes.  The  IBL  is 
assumed  to  be  forced  primarily  by  surface-driven  mix¬ 
ing  processes;  therefore,  the  depth  of  the  lay  er  should 
scale  with  a  surface  parameter.  It  has  been  shown  pre¬ 
viously  ( Nicholls  et  al.  1983)  that  in  weakly  turbulent 
regions  the  mixed  layer  can  be  scaled  using  the  friction 
velocity,  u,.  and  the  Coriolis  parameter./,  rather  than 
the  depth  of  the  entire  convective  boundary  layer. 
Nicholls  et  al.  ( 1983)  observed  that  the  JASIN  mixed 
layer  depth,  /;.  was  approximately  proportional  to  ut/ 
/,  which  is  a  prediction  of  the  neutral  Ekman  layer 
similarity  theory  with  a  constant  of  proportionality  of 
about  0.2.  Nicholls  and  Leighton  ( 1 986 )  presented  re¬ 
sults  from  marine  boundary  layer  measurements 
around  the  United  Kingdom.  On  several  occasions  a 
well-developed  surface  of  Ekman  layer  was  present 
while,  at  other  times,  the  mixed  layer  extended  down 
to  the  sea  surface.  The  constant  of  proportionality  var¬ 
ied  from  0. 1 8  to  0. 1 3  for  these  two  MABL  types,  re¬ 
spectively.  On  FASINEX  day  49.  the  IBL  was  between 
200  and  350  m  deep  on  the  cold  side  of  the  front.  On 
the  warm  side  of  the  front  the  mixed  layer  extended 


Table  4.  Mean  partitioned  buoyancy  fluxes  for  day  52.  (See  Table  2  for  a  complete  explanation.) 


Location 

+  + 

f  - 

-- 

-  f 

Total  flux 

Warmer  water 

15.18  (29) 

-2.42(17) 

8.97  (38) 

-2.53(16) 

19.20 

Frontal  region 

9.51  (27) 

-1.87(18) 

5.91  (36) 

-2.27  (19) 

11.28 

Colder  water 

10.62  (28) 

-2.07(17) 

6.85  (37) 

-2.61  (18) 

12.79 
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down  to  the  surface  and  up  to  about  500  m  altitude. 
Friehe  and  Luu  (personal  communication)  estimate 
u  i  to  be  0.06  and  0. 1 2  m :  s  *  on  the  cold  and  warm 
sides  of  the  front,  respectively.  Using  these  values  the 
constant  of  proportionality  is  approximately  0.2  on  the 
warm  side  of  the  front  and  between  0. 1  and  0.2  on  the 
cold  side  of  the  front  (Table  5 ).  The  weaker  fluxes  on 
the  cold  side  lead  to  the  development  of  a  shallow  IBL.. 
rather  than  a  well-mixed  layer  as  the  air  moved  across 
the  front.  The  evolution  of  the  overall  MABL  structure 
is  strongly  dependent  on  the  stress  which  controls  the 
depth  of  the  IBL.  The  ability  of  this  layer  to  support 
shear  between  the  surface  and  the  base  of  the  mixed 
layer  has  important  implications  for  the  development 
of  the  cloud  field  and  the  extent  to  which  the  clouds 
are  directly  coupled  to  the  surface  forcing. 

Clearly,  on  day  48  the  clouds  on  the  warm  side  of 
the  front  were  organised  in  bands  parallel  to  the  wind 
and  consequently  strongly  coupled  to  the  surface.  Over 
the  colder  water  an  IBL  was  observed  and  no  clouds 
were  encountered.  On  day  49  the  boundary  layer  was 
strongly  coupled  to  the  surface  forcing  over  the  warmer 
water:  although  there  was  no  evidence  of  organized 
convection,  the  cloud  capped  mixed  layer  consisted  of 
about  80T  air  that  originated  locally  near  the  ocean 
surface.  Over  the  colder  water  a  well-defined  IBL  and 
weak  surface  forcing  suggest  that  there  is  negligible 
coupling  between  the  surface  and  the  cloud  field.  In 
this  case  the  cloud  layer  consisted  of  about  50'»  air 
originating  near  the  ocean  surface  at  a  higher  SST  than 
observed  in  the  immediate  vicinity  of  the  measure¬ 
ments.  In  this  case  the  cloud  field  and  the  mixed  layer 
were  most  likely  maintained  by  radiatively  driven  tur¬ 
bulence  mixing  processes.  The  higher  fraction  of  sur¬ 
face  air  in  the  mixed  layer  and  lower  buoyancy  flux 
over  the  warmer  water  on  day  49  compared  with  day 
48  suggests  that  on  day  49  the  air  has  been  in  contact 
w  ith  a  nearly  constant  SST  for  some  time.  The  cloud 
layer  will  be  connected  to  the  surface  although  the 
buoyancy  Ilux  will  weaken  as  more  moisture  is  input 
to  the  lower  atmosphere. 

On  day  52,  with  the  wind  blowing  from  over  the 
cold  water  to  the  warm  water,  banded  clouds  parallel 
to  the  surface  wind  were  observed  in  the  satellite  image 
on  both  sides  of  the  front.  In  situ  measurements  in¬ 
dicate  that  the  cloud  elements  were  limited  to  regions 
of  high  mixing  ratio  and  low  L.CL.  The  cloud  fields 
varied  from  day  to  day;  however,  the  R,  fraction  on 
both  sides  of  the  front  appears  to  have  originated  over 


J  x hi  i  5.  Mixed  layer  and  surface  layer  scaling  for  day  49. 


Parameter 

Wanner  water 

Colder  water 

wi  (in'  S  ■’) 

0.12 

0.06 

«.//( m) 

2483.6 

1756.2 

h  fin/ 

500.0 

200.0 

fh/u. 

.201 

0.114 

the  warmer  water.  1  hus,  the  cloud  field  anu  mixed 
layer  observed  on  the  cold  side  of  the  front  on  days  48 
and  49  were  probably  advected  from  warmer  water. 

The  origin  of  this  rather  distinctive  "multiple 
boundary  layer  structure"  is  of  particular  interest  since 
the  superposition  of  an  elevated  cloud  layer  affects  the 
development  of  the  underlying  MABL.  As  already  dis¬ 
cussed.  if  the  elevated  cloud  /mixed  layer  structure  is 
maintained  by  convection  driven  by  cloud  top  radiative 
cooling,  continuity  of  the  field  over  considerable  dis¬ 
tances  would  be  expected.  Nearly  continuous  cloud 
bands  were  observed  over  several  hundred  kilometers 
from  the  satellite  images  during  FAS1NEX.  This  sug¬ 
gests  that  the  upper  level  mixed  layers  had  a  distant 
origin,  and  were  advected  across  the  top  of  the  in  situ 
boundary  layer.  The  high  moisture  contents  observed 
in  the  elevated  layers  on  days  48  and  49.  and  the  ap¬ 
parent  equilibrium  with  warmer  water  suggests  that 
this  air  could  have  originated  in  the  upper  level  outflow 
of  a  deep  convective  cloud  system  to  the  south  of  the 
FASINEX  area  or.  perhaps,  even  in  the  v  icinity  of  the 
Gulf  Stream. 

The  overall  impact  of  this  air  on  the  developing 
MABL  can  only  be  speculated  on  at  present:  however, 
there  is  no  evidence  of  strong  vertical  mixing  between 
the  elevated  lay  ers  and  the  lower  boundary  layer.  The 
maintenance  of  the  cloud-capped  boundary  layer  de¬ 
pends  on  cloud  top  entrainment,  radiative  transfer, 
cloud  microphysics  and  surface-related  processes 
( Rogers  and  Telford  1986 ).  In  the  presence  of  two  well 
mixed  cloud  layers,  entrainment  and  radiative  transfer 
through  the  top  of  the  lower  layer  w  ill  be  reduced  be¬ 
cause  of  the  additional  liquid  water  and  vapor  content 
associated  with  the  air  immediately  above  the  MABL. 
In  the  absence  of  entrainment  the  MABL  would  have 
higher  mixing  ratios  and  lower  temperatures  which,  in 
turn,  could  lead  to  forced  cloud  development  in  the 
lower  part  of  the  boundary  lay  er. 

Another  important  consideration  is  the  rate  at  which 
the  MABL  approaches  equilibrium  with  surface-forc¬ 
ing.  The  development  of  an  IBL  due  to  the  advection 
of  warm  air  over  a  sharp  SST  discontinuity  to  cool 
water  instantly  changes  the  lower  boundary  conditions. 
These  restrict  the  exchange  of  heat,  moisture  and  mo¬ 
mentum  between  the  surface  and  the  upper  part  of  the 
MABL.  Given  a  sufficient,  but  as  yet  unknown,  amount 
of  time  the  boundary  layer  will  adjust  to  the  new  surface 
forcing  by  redistributing  heat  and  moisture  throughout 
the  MABL.  Nicholls  et  al.  ( I982)suggest  that  the  tur¬ 
bulence  fluxes  will  adjust  on  a  time  scale  of  about  10’ 
s  and  the  mean  properties  will  adjust  on  a  time  scale 
of  the  order  of  a  day.  The  uncertainty  in  this  study  is 
in  the  magnitude  of  the  radiatively  driven  mixing  pro¬ 
cesses  which  may  control  the  exchange  between  the 
IBL  and  the  upper  parts  of  the  boundary  layer.  If  cloud 
top  cooling  is  a  significant  process  then  this  may  lead 
to  the  complete  overturning  of  the  layer  and  the  estab¬ 
lishment  of  a  MABL  in  equilibrium  with  the  underlying 
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surface.  Alternatively,  if  the  cloud  and  subcloud  layers 
are  decoupled  due  to  solar  heating  of  the  cloud  layer 
then  the  IBL  may  erode  upwards  to  form  a  new  MABL 
without  overturning  the  lower  atmosphere.  This  could 
also  result  in  the  observed  multiple  mixed  layer  struc¬ 
tures.  Cool,  moist  air  is  transferred  into  the  surface 
layer  by  the  buoyancy  flux  forming  a  new  MABL. 
Maintenance  of  this  structure  independently  of  the 
overlying  air  depends  primarily  on  there  being  only 
weak  turbulence  in  the  upper  part  of  the  original  mixed 
layer.  These  layers  may  be  eroded  only  if  there  is  an 
increase  in  either  the  surface  fluxes  or  radiation-driven 
mixing  in  the  overlying  cloud  layer.  The  conditional 
sampling  statistics  for  day  44  reveal  the  early  formation 
of  the  IBL  close  to  the  front.  Turbulence  near  the  sur¬ 
face  collapses  with  the  dissipation  of  organized  con¬ 
vective  elements  through  entrainment  of  the  sur¬ 
rounding  air  into  the  convective  parcels,  or  detrainment 
from  the  parcels  to  the  environment.  As  discussed 
above,  mixing  in  the  upper  part  of  the  MABL.  continues 
unimpeded.  The  surface  layer  grows  in  response  to  the 
strong  shear  in  this  layer  so  that  mechanical  turbulence 
is  effectively  redistributing  the  cool,  moist  air  origi¬ 
nating  at  the  surface. 

1 1. esc  observations  suggest  that  surface-forced  clouds 
originated  mostly  over  the  warmer  water  and  inter¬ 
action  between  the  surface  and  the  upper  part  of  the 
MABL  is  limited  by  the  presence  of  an  internal  bound¬ 
ary  layer  over  the  cold  water.  In  contrast.  Gautier  and 
Bates  (  1488)  observed  that,  on  a  monthly  time  scale, 
the  largest  cloud  fraction  occurred  over  the  colder  water 
to  the  north  of  the  region.  I  his  suggests  that  ocean 
fronts  may  have  a  significantly  different  effect  on 
MABI  cloud  development  on  relatively  short  time 
scales  compared  with  the  longer  term  processes.  T  his 
is  consistent  with  the  expectation  that  the  mean 
boundary  layer  adjustment  takes  place  on  a  time  scale 
of  the  order  of  a  day.  I  bus.  once  the  M  ABL  has  re¬ 
turned  to  equilibrium  with  the  surface,  weak  convec¬ 
tion  can  produce  extensive  regions  of  low  cloud  over 
the  cooler  water. 

In  conclusion,  the  primary  effect  of  the  front  is  on 
the  surface  stress  and  buoyancy  flux,  which  can  lead 
to  the  development  of  an  internal  boundary  layer.  1  his 
exerts  a  significant  control  on  the  evolution  of  the  entire 
cloud-capped  M  ABL  which,  in  turn,  may  lead  to  the 
formation  of  a  complex  boundary  layer  structure. 
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